A b s t r a c t
Purpose: Diffusion MRI of the cortical gray matter has shown to be sensitive to diseases such as Alzheimer's disease and multiple sclerosis. Additionally, there is a growing interest in remodelling, characterization and improvement of the understanding of different brain areas using a combination of quantitative MRI or 3D microscopy. The purpose of this study was to quantitatively characterize the cytoarchitecture of cortical tissue from fluorescence microscopy in order to simulate diffusion in the cortex and to better understand its diffusion signal characteristics
Methods: Cellular volume fractions, and sizes of glial nuclei, and neurons were measured from 3D microscopy by volume segmentation and non-linear least squares ellipsoid fitting.
Diffusion of water molecules in the cortex was simulated for variable permeability levels, free diffusion coefficients, cell (neuron, glia, dendrite or axon) densities, and sizes and diffusion times. Some parameters such as axonal density were extracted from the available literature. In an alternative method, the simulation geometry was directly extracted from available microscopy data of the cortex. The simulations were compared with fractional anisotropy, apparent diffusion and kurtosis values reported in vivo in the healthy brain. Variations in tissue micro-structure of the cortex have been observed for diseases such as schizophrenia [1, 2] , Alzheimer's disease (AD) [3] [4] [5] , and Huntington's disease [4] in addition to age-related changes [6] . Diffusion MRI has been a successful and commonly used imaging modality to differentiate or characterize different diseases in the last decades [7] because of its ability to give estimates of tissue micro-architecture [8, 9] .
It has been hypothesized that changes in cortical microstructure (e.g. cell density or sizes and demyelination) result in observable variations in parameters derived from diffusion-weighted or tensor imaging (e.g. fractional anistropy or mean diffusivity) [10] [11] [12] . Kroenke C. D. [10] introduces a number of references where variations of FA have been of interest to study maturation of the cortex. Vrenken et al. [11] have shown that there might significant decreases in FA of the cortex for patients with multiple sclerosis (MS). Microstructural changes associated with AD are decreased dendritic arborization, loss of synapses or dendritic spines [13] [14] [15] [16] and selective loss of neurons [5, 17, 18] . Parker et al. have shown that these changes might result in decreases in orientation dispersion and neurite density indices (ODI/NDI) derived from neurite orientation dispersion and density imaging (NODDI) [12] .
In addition, it is important to use diffusion MRI derived parameters or quantitative 3D microscopy to further model or improve our understanding of the cortical gray matter.
Recently, Ganepola et al. [19] proposed the use of diffusion MRI derived parameters to redefine the widely used Brodmann's areas [20] of the brain. Also, Bastiani et al.
hypothesized with improvements in SNR's of diffusion MRI it might be possible to delineate the borders of layers of the cerebral cortex [21] .
Cortical matter is a dense composition (i.e. an around 84% volume fraction) of axons, neurons, dendrites, glial cells, and blood vessels [22] . Despite this high level of cellularity, apparent diffusion coefficients measured from the cortex are relatively high compared to the white matter. This could be explained by: a) the relatively large sizes of neurons (generally greater than 20 µm [2, 23, 24] ) and b) glial minimum diameters of at least 2.5-3 µm [25], compared to very thin axons in the white matter with diameters of generally less than 1 µm.
Layered composition of the cortical matter and its voxel level mixture at borders with cerebro-spinal fluids (CSF), and WM which have their distinct diffusion characteristics, supposedly results in the diffusion signal to be multi-exponential. Initially Maier et al. [26] proposed the use of biexponentials describing diffusion in cortical voxels adjacent to the white matter or CSF. The more evolved notation of compartmental diffusion, NODDI [27] , has recently become a candidate for analyzing diffusion in the cortex [28, 29] .
Moreover, there are numerous reports of quantitative diffusion MRI of the cortical gray matter in recent years [1, 11, 12, 26, 28, [30] [31] [32] . However, diffusion MRI of the gray matter has received relatively less attention compared to white matter for two reasons. First, cortical gray matter has a relatively smaller anisotropy, and hence less measurable changes in fractional anisotropy for different diseases. Secondly, Monte Carlo simulations of diffusion have indicated the high sensitivity of diffusion-weighted derived parameters ADC and kurtosis to permeability levels [33] . Hence, there are less mydelination de-myelination related variations of the diffusion signal in cortical gray matter compared to white matter.
Immunohistochemistry [5] , scanning electron microscopy [34] , different light microscopy techniques [35] such as two-photon microscopy [36] , and ultra-high field (UHF) diffusion MRI [37] of ex vivo tissue samples have improved our understanding of the cortex microstructure in the last years. However, since there are a number of morphological changes in the fixation process [33, 38, 39] in addition to temperature differences, extrapoloation from ex vivo MRI or microscopy to analysis in vivo diffusion MRI require conservative mathematical modellings.
Here, Monte Carlo simulations of diffusion similar to the ones already performed for white matter [40] [41] [42] , and prostate [33, 43] were employed to further study diffusion MRI of the cortex. Initially, residence times of water molecules in layered structures mimicking cortical matter boundaries were measured from Monte Carlo simulations. Residence times of water molecules inside small voxels that might be affected by boundary effects near the cortical matter were also measured. Knowledge of these residence times was helpful in estimating how much a voxel within a layer was representing that physical layer and was not affected by boundary effects in addition to derivation of minimum voxel sizes for ex vivo MRI. Later, diffusion MRI was simulated in the cortical matter using two different approaches:
geometrical reconstruction of cell bodies, and direct simulations from microscopy). For both of these simulation methods, microstructural parameters were either measured from light microscopy or were directly used from the literature. Mukern's team [26] and the ones using NODDI [12, 28] are highly affected by boundary effects or simultaneously having CSF and GM, or GM and WM in a single voxel in vivo.
This issue is less significant for ex vivo measurements because of higher resolutions. Hence, NODDI has been used to separate myelo-and cyto-structural cortex layers [29] . However, there might be high exchange of spins between layers, and each voxel might be an average of a neighbourhood of voxels. Diffusion compartments or layers give their characteristic diffusion signal only if they have a negligible exchange with their neighbouring compartments or residence times within each compartment are long compared to acquisition times (echo time in diffusion or T2, or TI in T1 weighted imaging) [43] . Residence times is the inverse of exchange rates and could be used alternatively.
There are two different scenarios where the concept of residence time could help in feasibility assessment of separating physical diffusion compartments. The first case is having multiple microstructural compartments (each of them with their distinct diffusion characteristics)
within each voxel; in this case low exchange between the compartments allows multiexponential fitting on the diffusion signal (e.g. [33] for the prostate, or [26, 27] for the brain).
The second case is when the purpose is to check how much a voxel characterizing a microstructural layer is affected by nearby layers or neighbouring voxels.
The concept of residence times could also be used for T2, T1 relaxometry purposes. For example, T1 and T2 signals of the knee cartilage have shown to be multi-exponential in the knee cartilage because two tightly and loosely bound macromolecular water molecules are present there, or two distinct T2 compartments (ductal lumen and the cellular tissue) have been observed in the prostate [43, 44] . In all of these cases, longer residence times of water molecules in each compartment relative to acquisition times result in better separation of compartments.
Here, residence times were measured for 3 different scenarios: one plate (mimicking the WM, GM boundary), two plates (mimicking cortical laminar structure), and six plates (mimicking a voxel).
O n e p l a t e
Three-dimensional random walk simulation was performed in a geometry consisting of two compartments separated by an infinite plane (Fig. 1 a) . The purpose was to show how long the water molecules at each initial position reside in the medium A compared to the acquisition time dependent on their initial position. Initial position of water molecules was normalized to
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(where D was diffusion in the comparmtent and t was the acquisition time) and residence times were normalized to acqisition times. This normalization allowed for generalization of the simulation to any other similar geometry. However, here we interpreted the results for a specific case of white matter, and grey matter boundary.
Three-dimensional random walk was performed in a geometry consisting of three compartments (medium) separated by two infinite planes (Fig. 1 c) . The purpose was to determine residence time of water molecules in the central compartment relative to acquisition times for different initial positions. Later, results were normalized similar to the one plate simulation. While the results could be used for interpreting diffusion in any layered diffusion compartment, here the purpose of the simulation was to investigate residence times in the layered structure of the cortical matter.
Six plates (voxel)
Similar to the one, and two plate simulations, a simulation medium consisting of a voxel surrounded by 6 plates (Fig, 1 e) [46] , hence most of these non-neuronal cells could be assumed to be glial cells [47] ; glial cells are various astrocyte types, oligodendrocytes, microglial and various precursors cells. Additionally, it has been shown that with increasing neuron diameters, glial/neuronal ratio increases; this has been hypothesized to be because of the increased metabolic needs of larger neurons [47, 48] . Accordingly, it has been hypothesized glial/neuronal volume ratio might be of more interest to neuroscientists compared to glial/neuronal cell count [47] ; this paradigm shift in cell measurements might benefit diffusion-weighted MRI analysis because diffusion parameters have been shown to highly rely on and have been described vs. cell volumes and volume fractions [33, 43, 49] . Accordingly, three axonal diameters of 0.6, 1, 2 µm were used for simulation purposes in this study.
Deitcher et al. [55] Cortex geometry was reconstructed for simulation purposes using two-photon microscopy.
The parameters of interest such as neuronal or glial cell radius, and volume fraction estimated from three-dimensional two-photon microscopy (TPM) data of [56] .
A filtering and Otsu thresholding based algorithm was developed in order to measure glial nuclei (v g ), and neuron volume fractions (v n ) using RGB images available of a Nissl-like fluorescent cell-body lebel [56] . Accordingly, extracellular volune fraction (v e ) was approximated as (1-v n -v g ) assuming there are no other significant barriers for diffusion of water molecules.
The neuronal diameters are generally in ranges of 11-27 µm (mostly around 20-25 µm) as discussed above. However, there are two issues that need to be addressed: first, pyramidal neurons have been assumed spherical in order to estimate their diameters. Second, the areas have been measured using two-dimensional images and such estimates of diameters are always an underestimation of cell sizes. Instead, there are a number of methods to recover 3D
shapes of cells which are mentioned in [57] . Alternatively, high resolution and threedimensional two-photon microscopy acquisitions of the brain cortex could be employed to estimate neuron and glial cell sizes.
A non-linear least squares based ellipsoid fitting function [58] was used in MATLAB Release 2017a (The MathWorks, Natick, Massachusetts) to characterize and estimate radii of neurons and glial cells separately. The function required at least 9 perimeter points to fit an ellipsoid; however, this condition was not adequate and an additional condition of having the points spread in at least 3 parallel planes was taken into account. Voxels corresponding to areas of glial nuclei and neurons in the visual cortex were segmented separately, and ellipsoids were fitted on them. Fig. 2 . Permeability of different geometries was variable and simulated giving random chances of crossing to different permeability levels [33] . Pulsed gradient spin echo (PGSE ) acquisition was simulated by recording changes in the phase of these randomly moving spins after the application of the diffusion gradients. Finally, diffusion kurtosis model [59, 60] was fitted on the signal. Detailed equations regarding simulation of random walks, permeability, and PGSE could be found in [33, 43] . were used. Four different diffusion times of 40, 60, 80, and 100 ms were used; definition of diffusion times was similar to [33, 38, 43] . Two D free (defined in [33, 38, 43] ) values of 1.6, and 1.7 µm 2 ms -1 were used for the simulations which have shown to be consistent with in vivo measurement of free diffusion which is affected by protein solutions [33] . The values could also be verified by ADC estimates of 1.6-1.9 µm 2 ms -1 parallel to the direction of axons in reference [62] , where these values are from a diverse range of 1.5-3 T Philips or Siemens scanners; note that diffusion parallel to the direction of fibre bundles in nearly free because axonal lengths are generally around or greater than a few hundreds of micrometres.
Additionally, these are all in agreement with consideration of an inherent D free of 1.7 µm 2 ms -1
in NODDI algorithms [27, 28] .
The ideal scenario for Monte Carlo simulation of diffusion is to directly use the geometry from microscopy in comparison with the mathematically reconstructed geometries of the previous section. This has been the subject of a recent study by Palombo et al. [63] , where they have directly segmented area of cells from microscopy and simulated the random walks of thousands of spins within these geometries. However, the main issue with this approach is the long simulation times which will linearly increase with increasing of cell numbers, and the complexity of their area segmentations.
Additionally, a two-dimensional version of such direct simulation has been presented in [64] where only one cell type has been considered. However, they have not mentioned how threedimensional simulation mediums have been constructed from two-dimensional images (a recent reference [57] extensively discusses how this might be a formidable challenge).
Alternatively, here we used Matlab's colour-based volume segmentation to separate different cell types or giving them regions numbers in two-photon microscopy samples. The region number was ascribed to each voxel based on its cell type or being in the extracellular space.
Diffusion of water molecules was simulated within each voxel and if for each of the random walks the spin travelled to a neighbouring voxel with different geometry type, the available algorithm for permeability explained in the previous section was used to allow or reflect the random walk. Similar to [63] , this method enabled different permeability ascriptions to each cell. Using this simplistic algorithm, random walk simulation of millions of spins took only a few hours on an Intel Xeon 3.60 GHz processor and there were not any requirements for complex reconstruction of biological geometries.
We tested this method on three dimensional two photon microsopy samples of the visual cortex already used for publication in [56] . densities (less than 30%), with increasing cell density ADC decreases, whereas, for highly packed cells this monotonic behaviour is not observed. Again this could be predicted from Kärger-Jensen [59, 60, 68] equations, considering the fact that for highly packed axons the extra-cellular ADC is relatively smaller that intra-cellular diffusion. Additionally, it was noticed that variations of diffusion parameters over different diffusion times were small. This is because radii of axons are small and such differentiation could be improved only by using ultra-short diffusion times are generally infeasible for clinical studies.
It was observed that nearly all of the anisotropy in the cortex is caused by axons/dendrites and other cell structures such as neurons or glia have a negligible effect on anisotropy.
However, this argument would not rule out that an anisotropic pattern of neuronal cells might have substantial impacts on the measured fractional anisotropy. with the recommendations of references [65, 69] .
In case of pure axons (Fig. 3) , shifting diffusion times in clinically feasible ranges for in vivo acquisitions might not help in giving better estimates, however, for ex vivo acquisitions there might be possibilities of using short diffusion times of less than 20 ms to improve axonal volume fractions and radii. In this case, medium to high b-value regimes might give better estimates of the axonal microstructure.
In mixtures containing different cell types, the argument seems to be the same, the choice of b-value should be based on the purpose of study. If the aim is to characterize layers with different axon compositions, then short diffusion times might give better estimates of myelostructure. However again maximum b-values should be chosen considering average diffusion and kurtosis values not to have too many biases in estimations [65] . Additionally, care should be taken not to too much extrapolate to tissue microstructure.
Based on the results presented about residence times in different layers, decreasing diffusion times would also help in better distinguishing cortex layers. Hence, the recommended choice of diffusion times and b-values could be variable for the purpose of each study. The results here further validate some of the commonly accepted arguments about correlations between microstructural changes and diffusion-weighted MRI observations. The examples are increases in permeability of axons (demyelination), increases in cell sizes (with constant cell density and structure), and increases in the heterogeneity of the mixtureincreases in the heterogeneity of the mixture which result in decreases in fractional anisotropy, increases in ADC, and increases in kurtosis, respectively [43, 59, 60] . However, these simulations do not serve as proof but cross-validation for such statements. Hence, care should always be taken when the aim is to estimate microstructural parameters from diffusionweighted MRI [74] .
It has been discussed in [75] that since there are different cell types in each voxel in addition to intrusions from CSF or WM, extrapolating the parameters derived from dMRI to variations in specific biophysical parameters is somehow more formidable compared to other tissue types such as the brain. For example, FA has a high correlation with myelination in white matter whereas this correlation is very weak for the cortex. It is generally better to make more conservative statements about parameters derived from diffusion-weighted imaging of white matter [74] ; this is also applicable to a complex mixture such as the cortex where four different cellular microstructures simultaneously affect the diffusion.
We intend to use the direct microscopy simulation for a variety of microscopy acquisitions in different brain areas and compare the values with their coregistered ex-vivo diffusion MRI.
Additionally, the works might be extended to microscopy of other tissue types in the body.
Diffusion MR has shown success in better characterization of the laminar mesostructure of the cortex in recent years [29] . We felt that there was a missing step in correlating variations in cortex composition and microstructure with the diffusion signal. More simuultaneous highresolution MRI and light microscopy data will help in finding these correlations; however, simulations could make them more specific. We did not confirm nor reject specificity of models such as NODDI or Stick model for diffusion. These models could be further investigated for the precision of model fitting either using Cramér-Rao lower bound such as in [66, 78, 79] , finding the systematic biases in parameter estimations dependent on maximum b-values [65] , missing analysis regarding how separate the compartments (if exchange rates are low) [43] , or more in terms of how the models have been derived [70] .
Regardless of these complexities, diffusion MR has been successful in distinguishing laminar layers if high resolutions ex vivo acquisitions are used. Whether simplistic or more advanced modellings are used, there might be a paradigm shift in future studies to make more microstructurally specific correlations between diffusion parameters and the laminar structure of the cortex
There were a few shortcomings for this work which might be alleviated for the future. First, simultaneous staining axons and neurons, glia, or in general all of the cortical matter microstructure would have been better for direct Monte Carlo simulations. While such staining is feasible for thin layers, it becomes challenging to thick layers of a few hundreds of micrometres which are more helpful for direct Monte Carlo simulations of diffusion.
Second, stimulated echo acquisition mode (STEAM) has recently been found applicable to such genre of studies in vivo or ex vivo [80, 81] . Simulating STEAM diffusion MRI is not too complex and has been performed in [41] . Additionally, here we aimed at comparing the simulation results with abundantly available in vivo instead of ex vivo MRI data. This is because there are many differences between ex vivo and in vivo MRI such as fixation effects, temperature differences, etc. that makes direct extrapolation of ex vivo measurements to the analysis of in vivo MRI data a formidable task; this has been discussed for the prostate in [33] and for the brain in [39] .
There might be a number of recent works with similar goals, this study however has some improvements such as successful simulation of permeability instead of assuming all microstructural walls are impermeable compared to [82] or lack of requirement any complex mathematical and time-consuming construction of microstructure such as in [63] and instead direct simulation of microsture from light microscopy data.
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